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When traversing QCD medium, high p⊥ partons lose energy, which is typically measured by
suppression, and also predicted by various energy loss models. A crucial test of different energy
loss mechanisms is how the energy loss depends on the length of traversed medium (so-called path-
length dependence). The upcoming experimental results will allow to, at least in principle, for the
first time, clearly observe how the energy loss changes with the size of the medium, in particular,
by comparing already available Pb + Pb measurements with now upcoming Xe + Xe data at the
LHC. However, in practice, to actually perform such test, it becomes crucial to chose an optimal
observable. With respect to this, a ratio of observed suppression for the two systems may seem
a natural (and frequently mentioned) choice. We, however, show that extracting the path-length
dependence from this observable would not be possible. We here provide an analytical derivation
based on simple scaling arguments, as well as detailed numerical calculations based on our advanced
energy loss framework, showing that a different observable is suitable for this purpose. We call
this observable path-length sensitive suppression ratio (RABL ) and provide our predictions before
experimental data become available. This predictions also clearly show that this observable will allow
a simple comparison of the related theoretical models with the experimental data, and consequently
to distinguish between different (underlying) energy loss mechanisms, which is in turn crucial for
understanding properties of created QCD medium.
Introduction: Understanding properties of Quark-
Gluon plasma (QGP) [1, 2] created at LHC and RHIC
experiments is a major goal of ultra-relativistic heavy
ion physics [3–5], which would alow understanding
properties of this form of matter at its most basic
level. Energy loss of high p⊥ partons traversing this
medium, is an excellent probe of its properties [7],
which provided a crucial contribution [3] to establish-
ing that QGP is created at this experiments. Compar-
ing predictions of different energy loss models, and con-
sequently different underlying energy loss mechanisms,
with experimental data, is therefore crucial for under-
standing properties of created QGP. However, there
remains a question of how to provide the most direct
comparison of the theoretical energy loss predictions
with experimental data.
A most basic signature, distinguishing different en-
ergy loss models, is how the predicted energy loss de-
pends on the length of the traversed QCD medium,
which is so-called path-length dependence. This path-
length dependence directly relates to different underly-
ing energy loss mechanisms, such as radiative vs. colli-
sional energy loss, considering optically thin vs. thick
QCD medium, inclusion of finite size effects, etc. From
a practical point, accurate path-length dependence also
determines how well a model can explain angular av-
erage (RAA) and angular differential (v2) suppression
measurements [8], and is therefore directly related with
a wide range of open questions in comparing predic-
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tions with experimental data, such as v2 puzzle [9] (i.e.
inability of many models to jointly explain RAA and
v2 measurements). Reasonable agreement of energy
loss models with experimental data is also a necessary
step to a complete approach towards QGP tomogra-
phy, which requires constraining QGP properties from
the point of both high and low p⊥ data. Therefore,
the path-length dependence is crucial for differentiat-
ing between different energy loss mechanisms, where
such differentiation is necessary for investigating QCD
matter created at the LHC and RHIC.
It is intuitively clear that the most direct probe of
the path-length dependence would involve comparing
experimental measurements (and the related theoret-
ical predictions) for two collision systems of different
size. It is moreover intuitively clear that it would be
optimal if size would be the only property distinguish-
ing these two systems, i.e. that other properties such
as average medium temperature, initial p⊥ distribu-
tions, and ideally shape of the path-length probability
distributions would be the same between these two sys-
tems. With respect to this, measurements for 5.02 TeV
Pb+Pb collisions at the LHC are available, while mea-
surements for 5.44 TeV Xe+Xe collisions will become
available soon. As these two systems have different
sizes (atomic number is A = 208 for Pb, while A = 129
for Xe) and the two relevant collision energies are simi-
lar, these two systems appear to make good candidates
for the discussed path-length dependence study. More-
over, we below start by showing that the other proper-
ties (stated above) of these two systems are in fact very
similar, making these collisions ideal for this study.
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2FIG. 1: RAA predictions for light and heavy probes. Theoretical predictions for light and heavy flavor RAA vs. p⊥
in 5.44 TeV Xe + Xe collisions are shown for different centralities. Upper panels correspond to charged hadrons, middle
panels to D mesons and lower panels to B mesons. For charged hadrons, full and dashed curves correspond, respectively,
to predictions for lower and higher centrality regions, where specific centralities are marked in each panel. In each panel,
the upper (lower) boundary of each gray band corresponds to µM/µE = 0.6 (µM/µE = 0.4).
FIG. 2: Ratio of RXeXe and RPbPb for light and heavy probes. Theoretical predictions for the ratio of RXeXe and
RPbPb as a function of p⊥ is shown for charged hadrons (full curves), D mesons (dashed curves) and B mesons (dot-dashed
curves). First to third panel correspond to, respectively, 0− 5%, 20− 30% and 50− 60% centrality regions. µM/µE = 0.4.
Results and Discussion: We here consider aver-
age medium temperature, since we will below concen-
trate on RAA, for which it was previously shown (see
e.g. [10]) that it only weakly depends on the medium
evolution. Regarding average temperature, it depends
only on the ratio of the charged multiplicity and the
number of participants for the particular system and
centrality [11]. For each centrality, both of these quan-
tities change in the two collision systems. However, it
happens that, for each centrality, their ratio, and con-
sequently the average temperature, remains the same
for both collision systems. Here, our estimates of
charged multiplicity and the number of participants
come, respectively, from [14] and [13]. Regarding ini-
tial high p⊥, we previously showed [12] that, when the
collision energy is changed almost two times (from 2.76
3to 5.02 TeV), the influence of the change of p⊥ distri-
butions leads to only a small change (less than 10%)
in the resulting suppression. Consequently, for the in-
crease of less than 10% in the collision energy (from
5.02 to 5.44 TeV), the same high p⊥ distributions can
be assumed. Finally, we also calculated path-length
distributions for Xe + Xe, at different centralities, in
the same manner as previously for Pb + Pb [10]. It is
straightforward to see that the two distributions are
the same up to a rescaling factor corresponding to
A1/3 [18]. Consequently, we argue that the two systems
are in fact close to ideal, when it comes to probing the
path-length dependencies.
However, in addition to suitable systems, it is also
crucial to choose the most suitable variable for testing
path-length dependencies in different models. Since
RAA directly increases when the system size decreases,
it may seem that the ratio od RAA for the two sys-
tems may be a natural choice, as also frequently men-
tioned by experimental colleagues. To test this pro-
posal, we start by Figure 1, which provide our predic-
tions for light (charged hadrons) and heavy (D and B
meson) flavor RAA for 5.44 TeV Xe + Xe collisions
at different centralities - these predictions can also
be compared with the upcoming experimental data.
These predictions are generated by our recently de-
veloped DREENA-C framework, with this framework
described in [10] (all the parameters and the proce-
dure being specified there). The framework is based
on out state-of-the-art dynamical energy loss formal-
ism [16], and was previously used to obtain equiva-
lent RAA predictions for 5.02 TeV Pb+Pb collisions at
the LHC [10], which showed a good comparison with
the existing data, providing confidence that the frame-
work can reasonably explain the experimental measure-
ments [11, 12, 17]. Consequently, in Fig. 2 we show mo-
mentum dependence of RAA ratio for the two systems.
From this figure, it would be very hard to extract the
path-length dependence. For example, note that for
high p⊥ this ratio approaches 1, from which one may
naively conclude that the underlying model has no (or
only weak) path-length dependence. However, our dy-
namical energy loss model in fact has a strong (be-
tween linear and quadratic) path-length dependence.
The same problem would emerge if experimental data
would be plotted in that way, i.e. one may naively con-
clude that high p⊥ suppression does not depend on the
system size.
We next provide an analytical derivation, using sim-
ple scaling arguments, for why this problem emerges.
We start from fractional energy loss ∆E/E, which can
be estimated as [10]
∆E/E ∼ ηT aLb, (1)
where a, b are proportionality factors, T is the average
temperature of the medium, L is the average path-
FIG. 3: Path-length sensitive suppression ratio
RXePbL for light and heavy probes. Theoretical pre-
dictions for RXePbL as a function of p⊥ is shown for charged
hadrons (full curves), D mesons (dashed curves) and B
mesons (dot-dashed curves). First and second panel cor-
respond to, respectively, 30− 40% and 50− 60% centrality
regions. µM/µE = 0.4.
length traversed by the jet and η is a proportionality
factor (which depend on initial jet p⊥). b → 1 corre-
sponds to the linear dependence, while b → 2 corre-
sponds to the quadratic (LPM like) dependence of the
energy loss.
If ∆E/E is small (i.e. for higher p⊥ of the initial jet,
and for higher centralities), we obtain [10]
RAA ≈ (1− ξT aLb), (2)
where ξ = (n − 2)η/2, and n is the steepness of the
initial momentum distribution function.
The ratio of RXeXe and RPbPb then becomes
RXeXe
RPbPb
≈ 1− ξT
aLbXe
1− ξT aLbPb
≈ 1− ξT aLbPb
(
1−
(
AXe
APb
)b/3)
. (3)
One can see that this quantity is rather complicated,
depending explicitly on the initial jet energy (through
ξ), average medium temperature, and average size of
the medium. Also, it explicitly depends on centrality
(through T and LPb, which decrease with increasing
centrality), as seen in Fig. 2. Furthermore, as central-
ity and initial energy of the jet increases, ξ, T and
LPb become smaller, explaining why the ratio in Fig. 2
goes to 1 for high p⊥ and high centrality, which then
makes a problem of concealing the path-length depen-
dence. That is, the ratio of RAAs for different collision
systems is not an appropriate observable for extract-
ing path-length dependence, and a more suitable ob-
servable should reflect the coefficient b in the simplest
possible manner.
Actually, a more suitable observable RABL , which we
will further call path-length sensitive suppression ratio,
can be simply obtained from Eq. 2 by subtracting RAAs
4from 1, reducing in the case of Xe and Pb to:
RXePbL ≡
1−RXeXe
1−RPbPb ≈
ξT aLbXe
ξT aLbPb
≈
(
AXe
APb
)b/3
. (4)
We see that this new quantity RXePbL has a very
simple form, which depends only on the medium size
(through AXe/APb), and on the path length depen-
dence (through b). Again, note that this simple depen-
dence holds for higher centralities and higher initial
p⊥, since in these regions Eq. 2 is applicable, lead-
ing to Eq. 4. Consequently, as one plots RXePbL at
higher centrality regions, one may expect that this
value will approach a limit that directly reflects the
path-length dependence. For example, for linear path-
length dependence (i.e. b = 1), RXePbL ≈ 0.85, while
for quadratic (LPM like) path-length dependence (i.e.
b = 2), RXePbL ≈ 0.73.
Next, in Fig. 3, we also numerically test this pro-
posal, using DREENA-C framework, for both light
and heavy flavor. Note that in contrast, we see that
RXePbL is almost independent of centrality, which is ex-
actly what one needs for such observable. Starting
from higher p⊥ > 30 GeV, where this observable is
expected to work (see above), we predict a clear sepa-
ration between heavy and light probes, where B meson
is closest to linear, while deviation from linear depen-
dence is more pronounced for D meson and most for
charged hadrons. Finally, at high p⊥ → 100 GeV, we
clearly see that RXePbL for all types of particles reaches
a limiting value, as expected. Moreover, this limit-
ing value (RXePbL =0.8) directly reflects the underly-
ing path-length dependence, which is in our case (the
dynamical energy loss formalism, with radiative and
collisional energy loss in a finite size QCD medium)
between linear and quadratic (i.e. b = 1.4). Note
that this extracted path-length dependence is differ-
ent from a common assumption of heavy flavor having
linear, while light flavor having quadratic (LPM-like)
dependance. Therefore, it is clear that making this
plot from experimental data, and comparing those with
corresponding theoretical dependencies, can be used to
differentiate between different energy loss models in a
simple and direct manner. Also, note that, in distinc-
tion to Fig. 3, where the gray dotted lines are sim-
ple and intuitive (allowing straightforward inference of
path-length dependence), defining such dotted lines in
Fig. 2 would not be possible.
Summary: We here argued that soon to come
5.44 TeV Xe+Xe experimental data at the LHC, pro-
vide previously unprecedented opportunity to distin-
guish between different energy loss mechanisms, and
consequently for understanding properties of created
QGP. This particularly when combined with expected
much higher accuracy of the upcoming data. We here
used both analytical and numerical analysis to pro-
pose a new observable, which is optimal for assessing
the path-length dependence of the energy loss. Ad-
ditionally, and independently from the proposed ob-
servable, the RAA predictions generated here through
our state-of-the art DREENA-C formalism, can be di-
rectly compared with the upcoming Xe + Xe experi-
mental measurements. Based on our numerical results,
one can expect that the path-length dependence can be
straightforwardly inferred from experimental data, and
compared with corresponding theoretical models. Dif-
ferentiating between different energy loss mechanism
is in turn crucial for high precision QGP tomogra-
phy, which is future major goal of relativistic heavy
ion physics.
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